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Abstract 
The purpose of this study was the characterization of micro structural and thermal aspects of starch gelatinization in 
wheat dough/crumb during bread baking. The microstructure of starch granules was examined by confocal-laser-
scanning-microscopy (CLSM) and evaluated by an image analyzing tool. Supporting crystallinity changes in wheat 
dough/crumb were analyzed by differential-scanning-calorimetry (DSC) and calculated by the content of terminal 
extent of starch gelatinization (TEG). The micrograph of processed CLSM data showed starch structure changes 
during baking time. After gelatinization the starch fraction itself was inhomogeneous and consisted of swollen and 
interconnected starch granules. Image processing analyses showed an increment of mean granule area and perimeter 
of the starch granules. The results of DSC were examined to present an equation which provides a mean of predicting 
TEG values as a function of baking time. CLSM and DSC measurements present high significant linear correlation 
between mean starch granule area and TEG (r = 0.85). The possibility to combine CLSM with thermal physical 
analytical techniques like DSC in the same experiments is useful to obtain detailed structural information of complex 
food systems like wheat bread. Finally, it offers the option to enlarge the knowledge of microstructural starch changes 
during baking in combination with physicochemical transformation of starch components. 
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1. Introduction 
 The change from dough to bread during thermal heating process entails important structural 
modifications which depend on specified process conditions [1-5]. The resting time - used for dough rise 
and structure relaxing – is followed by the baking process which is an irreversible process causing 
physical and chemical changes of the product components with the objective of a specified volume and 
stabilized crumb structure. The volume depends on the oven-rise which is driven by the gas expansion. 
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These gases, mainly - air, EtOH, CO2 and water vapour, contribute to the bubble inflation during baking 
[6]. After the oven-rise, whilst thermal heating, protein denaturizes, starch gelatinizes and the crust 
formation creates a stabilized product. 
Starch is the main component of wheat bread and its gelatinization induces major structural changes 
during baking. The knowledge about the degree of gelatinization is an important factor for the control and 
optimization of thermal heating processes. This gelatinization process involves partly irreversible 
structural changes of the starch granules with concurrent loss of its molecular order or crystallinity [7]. 
The swollen granules and partially solubilized starch act as essential structural elements of bread. 
Various analytical methods have been used to describe starch gelatinization, e.g. ultrasonic, 
viscometers, enzymatic analysis (EA), nuclear magnetic resonance (NMR), X-ray crystallography, 
thermal- (DSC) and microscopic-analysis like electron microscopy (EM) and light microscopy (LM) [8-
10]. Especially LM presents a valuable method for the study of the microstructure changes in starch [11-
14]. Several authors [12, 15] have pointed out the difficulty involved in preparing dough and bread 
samples for microscopy. The disruption of the protein network and a distorted image of the bread crumb 
due to hydration during fixation [12] and staining are procedural methods. The shrinkage of starch and 
protein as a consequence of dehydration is also described. To validate these problems the confocal laser 
scanning microscopy (CLSM), which is a technique for obtaining high resolution optical images with 
depth selectivity, was used by some authors [16-17]. The main advantage of CLSM is the ability to 
acquire in-focus images from selected depths without sample destruction. CLSM is already an approved 
method to visualize starch gelatinization. Primo-Martín et al. [18] e.g. used the confocal laser technique 
compared with LM to visualize the starch crystallinity in bread crust. 
Besides these microscopic methods, the differential scanning calorimetry (DSC) - in which the thermal 
energy is required for maintaining a given rate of temperature changes - was used as one of the main tools 
for the investigation of thermally induced starch gelatinization during the course of the baking process 
[19]. Several parameters can be defined by DSC: gelatinization temperature (Tmax, corresponding to that 
where half of the granules have lost their birefringence), initial or onset temperature (Ton, where 
birefringence loss starts) and final or end temperature (Tend, where 90 % of the granules have lost their 
birefringence) [20]. These temperatures, especially the gelatinization temperature, are characteristic of the 
biological origin of starch and a reflection of its internal structure. 
Up to now all microscopic methods are restricted methods because they only focus on a group of 
objective of the structural changes. The usage of an image analyzing system is a crucial factor for the 
quantification of the results. The microstructure of starch granules was examined by confocal laser 
scanning microscope (CLSM) and analyzed by an image processing tool. Supporting crystallinity changes 
in wheat dough/bread were analyzed by differential scanning calorimetry (DSC) and calculated by the 
terminal extent of starch gelatinization (TEG). The aim of this study was to characterize the micro and 
thermal structure of starch gelatinization in wheat dough/crumb during baking and to combine both 
analyzing systems to enhance their explanatory power. 
 
2. Materials and Methods 
2.1. Ingredients  
All ingredients were weighed and mixed first under slow for 1 min at 53 rpm followed by faster 
mixing for 6 min at 106 rpm (Diosna laboratory kneaders with group controller, Multimixing S.A. GmbH, 
Osnabrück). An optimum of the dough temperature of 28 °C was maintained by tempering with the used 
distilled water. After mixing the dough was rested for 20 min at 30 °C and a relative moisture of 80 % 
(KOMA Koeltechnische Industrie, Roermond, Niederlande). Subsequently breads of 150 g were 
weighted, formed and placed in a tin (conical 110x70x80 mm, bottom 100x60 mm) (BICO GmbH, 
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Pfaffenhofen, Germany). Proofing was performed at 30 °C and relative moisture of 80 % for 60 min. For 
all baking tests a deck oven (Matador Store 128, Werner & Pfleiderer GmbH, Sohland, Germany) was 
used with different baking temperatures and a steam amount of 0.930 L(H2O) m-3. The experiments were 
carried out by an independent linear experimental design shown in Table 1. The maximum of baking time 
was measured by means of the temperature profile of the experimental design. By measurements it was 
shown that a maximum time of 16 min was necessary to reach a crumb temperature of 98 °C (at the 
coldest point of crumb). After baking the breads were immediately cooled in liquid nitrogen for further 
analysis. 
Table 1. Experimental design with different baking time, temperature setting (°C) and water addition (g (100 g flour)-1); 
n = 2. 
Baking WLPH W
(min) 
Temperature setting 
(°C)
Water addition 
(g (100 g flour)-1)
1 – 16 
steps of 3 min 
170/190/210/ 
230/250 
52/60/68 
2.2. Microstructure and image analysis 
Dough/crumb slices were cut from the middle of the breads. Analysing samples were cut from the 
inner part of the slices using a scissor and were transferred to a specimen shape (diameter 18 mm, height 
0.8 mm). A 2 % agar solution was added to the samples. After the agar solution got solidified, the 
specimen shape was abraded by a razor blade. To stain the starch, around 50 μl of a 0.1 g 
(100 ml (distil H2O))-1 Nile Blue solution (AppliChem Biochemica GmbH, Darmstadt, Germany) was 
added to the sample and kept for 20 min. When staining procedure was completed a glass-coverslip was 
placed and fixed on the specimen shape.  
A confocal laser-scanning system (Nikon, Düsseldorf; Germany) with a 60 x oil immersion objective 
and an Ar/Kr laser was used. Starch was monitored as fluorescence images (Ȝexc = 638 nm, Ȝem = 650 nm) 
at pixel resolution of 1024 x 1024 (212 x 212 μm) in a constant z-position. Fife independent positions on 
the x-y-axis were recorded of each dough sample done by duplicate. 
For each experiment these ten digital images were analyzed using the image processing and analysis 
freeware Mac Biophotonics ImageJ (version 1.42q, National Institutes Health, Bethesda, Md, USA). The 
images were pre-processed by changing to grey-level (8 bit). An image thresholding method which is 
based on minimizing the measures of fuzziness on an input image was used [21]. This procedure is used 
to denote the characteristic relationship between a pixel and its belonging region. After thresholding a 
special algorithm (watershed) was used for cell counting. Furthermore the segmentation of the starch 
grain used by watershed algorithm was an important part for the implementation of starch grain analysis.  
The gained segmented binary images were analyzed by the features of starch granules: mean starch 
granules area (ØAc) and starch perimeter (PS). Computation of the mean starch granules area was based 
on the equation: 
 
            (1) 
 
 
2.3. Thermal analysis of starch gelatinization 
Usually two endothermic peaks are observed in the differential-scanning-calorimetry (DSC) curve 
when a starch/water mixture is heated up to 150 °C with excess amount of water, while three endothermic 
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peaks are observable when the sample is achieved with limited amount of water. The first peak is 
attributed to moisture-dependent disorganization of starch crystallites, and the second reflects the 
‘‘melting’’ of the remaining crystallites [22]. The third peak is thought to be related to order–disorder 
transition of amylose–lipid complexes [23]. Therefore it will be reasonable that the first peak (at around 
65 °C) and the second (>110 °C) are responsible for starch gelatinization (order–disorder transition). In 
this work, however, only the first peak in the DSC-thermogram was targeted to be integrated to give the 
enthalpy responsible for starch gelatinization, as a first-order estimation. The reason for this choice was 
that the crumb temperature during baking is not more than 100 °C [24-25]. With a decrease in moisture 
content the second peak tends to shift to a higher temperature; even to a temperature above 100 °C when 
the moisture content decreases under 0.67 gwater g-1starch [26]. In contrary, the first peak remains at about 
60 °C.  
Breads for DSC analysis were cooled for 1 hour. After cooling, breads were cut in the centre to get a 
slice. Samples of 30 - 40 mg crumb were put in an empty stainless steel pan (capacity of 40 μl). The pan 
was closed with a cover (pans and cover, TA Instruments Ind., Germany).  
DSC measurements were performed with a Perkin-Elmer Diamond DSC calorimeter (Perkin-Elmer 
Corp., Germany). Indium was used to calibrate the system. The samples were heated from a temperature 
of 30 up to 100 °C with a heating rate of 10 °C min-1 [8]. During DSC measurement an empty stainless 
steel pan (capacity of 40 μl) was used as a reference. The enthalpy of the sample was expressed in J g-1 
(db). All experiments were measured by triplicate. The enthalpy of dry mass mdry at specified time (5) and 
the gelatinization rate were calculated as 
 
        (2) 
 
 
 
          (3) 
 
Whereby TEG is the percentage of gelatinization, ǻH0 is the enthalpy at initial baking time t0 and ǻHt is 
the enthalpy at sample baking time. 
3. Results and Discussion 
3.1. Microscopic changes of starch structure during baking 
CLSM was applied in order to visualize the starch gelatinization of bread crumbs during baking 
process. Some authors have already described the microstructure of dough and bread by the use of CLSM 
[16, 27-29] but not as a function of baking time including an image-analysing-system. Figure 1 shows an 
example of starch gelatinization during baking from 1 to 16 min (temperature: 230°C; water addition 
60 g (100 g flour)-1): 
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Fig. 1. Examples of CLSM pictures, required during the baking process (1 – 16 min) 
 
Figure 1 visualizes that after a baking time of 7 min the first starch granules began to gelatinize. Starch 
granules got larger, swollen and lost the oval or round shape. The images recorded at 16 min baking time 
show a maximum of starch gelatinization. The figure shows that the starch granules appear to be 
inhomogeneous and irregular. The black bodies contained no protein or starch granules and probably 
there are residual components of the crumb (air bubbles and/or water) which are not fluorescent. During 
baking time the volume of starch granules increase. Further baking time >7 min led to an increase of 
broken starch granule structures depending on water accumulation. 
For characterizing of the starch gelatinization the mean granule area, the -perimeter and the -roundness 
were analyzed. Figure 2 (A) shows main effects between mean granule area and baking time as well as 
baking temperature. With current baking time as well as with increasing temperature a significant 
(p<0.05) linear increase of mean granule area was found (r = 0.79). Additionally, the perimeter 
(Figure 2 (B)) significantly increased by an increment of baking time and temperature (R2 = 0.81) as well 
as the granule roundness correlated significant negative to baking time. All al cases there was no 
significant correlation based on the different water addition. 
 
          
Fig. 2. (A) mean starch granule area (μm2) and (B) perimeter (μm) as a function on baking time (min) [n=60] as well as baking 
temperature (°C) [n=50] 
A B 
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3.2. Thermo-analytical analysis of dough/crumb during baking 
DSC thermograms were gained from samples separated from parts of dough/crumb selected at 
different baking times (before baking (t0) and from 1 min to 16 min at an interval of 3 min). At t0 the 
thermogram shows a gelatinization endothermic peak with a maximum between 67 to 69 °C, which 
demonstrates the minimum of gelatinization rate (= 0 %) in specified experiments.  Contrary the highest 
value of the enthalpy integrated between TO (peak onset) and TE (peak end) is analyzed (2.9 to 3.0 J g-1dry 
mass). Those values are very close to those found in the literature for wheat flour gelatinization in a limited 
water system [30]. The area of the endothermic peak continuously decreased with an increase of baking 
time and finally disappeared for crumb after 10 min of baking. In all experiments gelatinization has 
already been started after 1 min of thermal heating, but with a low value of TEG  5 %. The significant 
values of non-gelatinized starch amount found in crumb samples (TEG  81 %) after 7 min were 
explained by the crumb temperature lower than Tmax. For baking time at 4 min, a higher TEG has been 
revealed by an increase of water addition. For example there is a duplication of TEG between water 
additions of 52 % to 68 %. These results are depending on two different aspects. On the one hand with an 
increasing water addition more water for starch gelatinization is available. On the other hand with higher 
water addition the thermal transfer into the crumb increass based on the fact that the heat transmission 
coefficient of water and water vapour is higher than the heat transmission coefficient of air. These aspects 
could be supported by the literature which were analyzed by Fukuoka et al. [30] who found that the 
gelatinization rate is a function of temperature and moisture content. At longer baking times (t ш10 min) 
no significant thermo-analytical changes were detected in these samples. 
Table 2. Temperatures (°C), enthalpies (J g-1) and gelatinization rate (%) of dough/crumb at different baking times (min) and water 
addition (wa) (g (100g flour)-1) 
wa ǻW(min) ǻ+W(J g-1) 7(*(%) 
52 0 2.9±0.2 0 
 1 2.9±0.1 0.7±2.5 
 4 2.2±0.1 25.0±4.6 
 7 0.6±0.1 80.9±1.9 
 10 0.4±0.0 86.9±1.9 
60 0 2.9±0.1 0 
 1 2.9±0.1 1.1±1.5 
 4 1.9±0.1 34.4±4.3 
 7 0.5±0.1 81.4±1.8 
 10 0.1±0.05 100 
68 0 3.0±0.3 0 
 1 2.8±0.2 5.4±6.0 
 4 1.3±0.1 53.3±3.1 
 7 0.6±0.0 80.0±1.1 
 10 0 100 
 
4. Conclusion 
During bread baking starch granules swell and gelatinize. The conditions, in which these phenomena 
occur, determine the quality of bread. This study presents the combining of multiple analytical techniques 
151Markus Schirmer et al. / Procedia Food Science 1 (2011) 145 – 152
for a better understanding of the starch gelatinization. CLSM was used to explain some of the phenomena 
which occur during gelatinization caused by thermal heating. Significant (p<0.05) linear correlation 
between the TEG and the starch perimeter (r = 0.76) as well as the mean starch granules area (r = 0.85) 
until a total gelatinization rate of 100 % were found. Summarized the dependence between micro- and 
thermal-structural changes of starch could be shown. The possibility of combining CLSM with thermal-
analytical techniques in the same experiments using specially designed stages offers the possibility to 
receive detailed structural information of complex food systems like wheat bread.  
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